Abstract A simulation of tolerance analysis in assemblies using Sigmund Computer Aided Tolerancing (CAT) software is validated through the example of an automobile locking device. Simulation with CAT, applying criteria on both the statistical distribution and the rivet pin position in the hole used in the example, will allow us to predict the functional dimension tolerances in these assemblies with greater accuracy in the preliminary design phase. These tolerances will subsequently define the manufacturing specifications. The statistical distribution, in the example, that best fits the overall set of tolerances, is the triangular distribution followed by the normal distribution; the position of the rivet pin axis in its hole is off-centre by 53 % with regard to its maximum value.
Introduction
Ceglarek [1] affirmed that 65-70 % of all design changes and failures in the aerospace and the automotive industries are related to dimensional and geometrical variation caused by a lack of technological expertise and knowledge needed for accurate predictions of process variations during the product design stage. Likewise, Gerth [2] revealed that the incorrect assignment of tolerances in component parts is one of the principal causes for the rejection of mechanisms, either because of incorrect functioning or because of poor assembly. Product design teams (PDTs) often spend a great deal of time on the critical dimensions of the product, but pay a little attention to the tolerances of non-critical dimensions, the cumulative effect of which will subsequently cause problems in the manufacture of the mechanism and its assembly and functioning. The teams of PDTs, having analyzed the functioning and assembly of a mechanism, should identify the functional requirement (FR) with which they should comply, such as for example the values of maximum and minimum clearances. Each FR that is identified is not limited by the dimensions and tolerances that affect their chain of dimensions. In this way, we know the functional elements of the different parts that influence this FR, but we do not know the values of their dimensions or their Dimensional and Geometrical Tolerances (DGTs).
The initial values of the DGTs are normally estimate based on the accumulated experience of the PDTs. Computer-Aided Tolerancing (CAT) software simulates the DGT estimates for each component part. It confirms whether and to what degree the FR of the mechanism complies with those estimates. The DGTs are modified in the search for optimal manufacturing costs that are compatible with the FR. The DGT modification process and subsequent simulation with the CAT software can be repeated any number of times, until it is considered that the DGT results fit the FR as closely as possible.
The majority of 3D CAT software packages simulate the different DGTs using the Monte Carlo method. A set of parameters has to be introduced in order to perform the CAT simulation:
-The types of DGTs that appear in the blueprints.
-The values of the DGTs.
-The types of statistical distributions of the DGTs.
-The position of each element in the different assemblages with clearance.
The reliability of the results from the CAT simulation will depend on the parameters that are inputted in the CAT and their fit with the reality of the manufacturing and assembly processes.
Our objective in this article is to validate the simulation procedure in the CAT for a standard case in the automobile industry, the riveting of a pin on a base plate on which a pulley, cog, or some type of latch will be placed.
The types and values of the DGTs appear in the blueprint, but the statistical distributions of the DGTs and the position of the rivet pin axis in a hole are parameters that have to be estimated. This is the reason why, in this paper, we seek to identify the values that best fit those two aforementioned parameters, using the specific example of an automobile lock to do so and subsequently validating the simulation method with the CAT software.
Literature Review
Unfortunately, despite consulting different knowledge databases, we have found no clear information on the position of a rivet pin axis in a hole, nor on the statistical distribution that should be used in the simulation of each of the DGTs that appear in the technical drawing plans.
Despite all this, in the majority of cases in which the type of statistical distribution is unknown, it is simulated with the normal distribution, which has the inconvenience of an infinite range model that neither covers the asymmetrical tolerances, nor the confidence level of 100 %, nor is it satisfactory when the number of tolerances in each chain of dimensions is low. The use of a truncated normal distribution would represent an improvement, as it rejects all the components that fall outside the tolerances. Kuo [3] confirmed that the use of the mean, standard deviation, coefficient of skewness and coefficient of kurtosis values of the normal truncated distribution with a mean shift gives similar results to those of the Monte Carlo method, with minor variations of 0.5 %, provided that the resulting distribution of the dimension chain is close to a normal distribution and its coefficient of kurtosis is close to three.
Bjørke [4] selected the beta statistical distribution from among various others for the dimensional tolerances, justifying it because the beta distribution (1) covers the actual range of distributions from normal to rectangular; 2) is of a finite range and (3) includes asymmetrical cases.
The triangular distribution is also finite, permits asymmetry and is easy to use. The rectangular distribution has the least accurate fit of all the standard distributions, but guarantees larger frequencies than in reality at the extremes and is applied when the manufacturing process is unknown.
However, regardless of the types of statistical distributions that are employed in each of the DGTs that are applicable in each chain of dimensions, on the basis of the central limit theorem (CLT), it may be assumed that the assembly tolerance of each FR follows a normal distribution [5] . This approach has greater certainty, the greater the number of DGTs found in the chain of dimensions.
The Monte Carlo method is the simplest and most popular means of simulating the statistical tolerances for the assemblies in the 3D CAT [6] . The advantages of using Monte Carlo simulation are that it may be used in all types of distributions for the components, i.e. it is not only restricted to normal distributions. Some of the most widely used statistical distributions in the CAT are beta, gamma, normal, triangular, uniform and Weibull.
The previous literature has even less to say on the relation to the position of the rivet pin axis in the hole. Bjørke [4] completed a preliminary classification plan, with a distributed direction in the axis of the hole and proposed two options to model the clearance between the axis and the hole, which are (1) both the axis and the hole are in contact (Fig. 1a) and (2) the position of the axis in the hole is distributed (Fig. 1b) .
In three dimensions, we can apply the earlier criteria to the two extreme points of the rivet pin axis in the hole, as may be seen in Fig. 2 . It may, therefore, be assumed that the points of centres a and b of the rivet pin axis are randomly distributed 
